Abstract. The purpose of this paper was to provide preliminary data concerning global availability of solar energy at the surface of the Moon. Lack of gaseous atmosphere and accompanying phenomena such as precipitations or cloud cover makes the Moon's surface an extraordinarily advantageous place for solar energy harvesting. On the other hand, excessive exposure to undamped sunlight may cause problems with buildings' interior overheating or increase decay rate of photovoltaic cells. Thus, basic information concerning solar irradiance and diurnal insolation at specified selenographic latitudes are indispensable for location selection for future lunar facilities and their design process. In order to approximate Sun's position at lunar sky, simple analytical astrometric model of lunar rotation was developed. Basing on that model, direct diurnal irradiances and insolations were calculated for various flat surface orientations, and selenographic latitudes. Computed data were presented in charts and tables.This lunar insolation database may serve as guideline for location of future lunar settlements and research stations, and to estimate their diurnal energy demands.
Introduction

Solar energy and earth-Moon system
Energy emitted by the sun is produced by nuclear fusion reactions, that take place in its core. It is estimated, that every second about 4.26 million metric tons of the Sun's mass is being converted into energy, what results in total radiant power of the Sun being 3.828×10 26 W [1] . This power radiates uniformly into space, so, for a surface perpendicular to the incident sunlight, radiant flux per unit area is inversely proportional to the square of the distance from the centre of the Sun, according to equation (1) [2] : TSI calculated at one astronomical unit from the Sun i.e. mean Earth-Sun distance equals 1,361 W/m 2 and is often referred as solar constant. As the Sun's activity varies slightly in time, solar constant is not an absolute constant in a scientific sense, rather a mean value.
Due to slight Eccentricity of Earth's orbit, instantaneous values of TSI above earth's atmosphere varies annually between 1,412 W/m 2 at perihelion and 1,320 W/m 2 at aphelion [3] . Insolation, or radiant exposure, is an integral of solar irradiance over a specified period of time, i.e. it is the sum of energy of full-spectrum solar electromagnetic radiation that reaches specifically oriented surface in a specified period of time, per unit area. Direct insolation may be calculated as shown by equation (2) [4] . Equation (2): Direct insolation of a specified surface for time period t 0 -t 1 , where: t 0 and t 1 is considered period of time, E dir is instantaneous direct solar irradiance i.e. intensity of direct solar radiation at a specified surface [W/m 2 ].
Lunar orbit
The Moon completes single geocentric orbit relative to distant stars (sidereal period) in 27.322 days. Due to its tidal locking, The Moon exhibits almost perfect synchronous rotation i.e. its rotational period equals its sidereal period, and that is why the Moon always faces Earth with almost the same side. Such slow rotation combined with Earth-Moon system orbital motion lengthens Moon's rotational period relative to the Sun (synodic month) to mean value of 29.531 days [5] . Moon's axial tilt with respect to the ecliptic is only 1,54°, so any effects of lunar seasons are negligible for most practical considerations [6, 7] .
Because there exists no orbital resonance between Moon's and earth's orbit, Moon's instantaneous distance to Earth quasiperiodically influences its distance to the Sun up to 768 thousand kilometres [5] .
The Moon's synchronous rotation causes that the moon's far side is closer to the Sun during local day than Moon's near side. This effect is most pronounced for 0° and 180° selenographic longitude.
In that case, putting specified combinations of earth's and Moons apsidal distances into equation (1) it is possible to calculate annual extreme TSI values at the Moon's surface and depict them in table 1. 
Lunar surface environment
Physical conditions at the Moon's surface differ significantly from those on Earth. The Moon has no gaseous atmosphere, but very sparse exosphere of pressure about 0,3 nPa [5] which may be considered as perfect vacuum for any engineering purposes. Hydrosphere does not exist on the Moon as well, although existence of water ice has been confirmed in permanently shadowed craters at lunar poles [8] . Unprotected by atmosphere nor magnetosphere, lunar surface is exposed to cosmic radiation. Surface of the Moon is covered by stratum of crushed and pulverised rock, called regolith. Due to its low thermal inertia, lunar surface remains in near thermal equilibrium with incident solar radiation [9] , The regolith, especially its thin, uppermost 2 cm stratum has extremely low thermal conductivity. This property, along with low bulk density of surface material causes very high near-surface temperature gradients in lunar regolith. Very little heat penetrates deeper than 50 cm below lunar surface, and below 80-90 cm temperature remains constant at specified depth, resulting only from the Moon's internal heat flux [10] .
Selected issues of lunar engineering
Up to this date, lunar engineering remains mostly theoretical field. Several analogue bases, so called habitats, were built in order to study mostly psychosocial aspects of future lunar and martian manned missions [11] . As a part of in situ resource utilization strategy, lunar regolith samples and their analogs were studied for potential applications as structural and thermal insulating materials [12] [13] [14] [15] . Several works were dedicated to create basic guidelines for lunar architecture and colony development strategies [16] . Most of these assume using raw or processed regolith for massive thermal and radiation shielding envelopes for long-term habitation. Before we reach that level of development, some equipment and astronauts must perform their task in much less friendly conditions, especially being exposed to direct solar radiation. During further development, reliable data concerning solar irradiance and insolation will be necessary for designing transparent building barrier's for habitats and agricultural centres. These data will also be indispensable for photovoltaic power plants and potentially for some specialised industries.
Atmospheric mass at the Moon's surface always equals zero, no matter the time of day. In that case, that at any latitude and for any positive elevation of the Sun, one may find thus oriented surface, that receives maximum possible value of TSI. This makes solar radiation a promising energy source for future lunar facilities.
On the other hand, excessive sunlight exposure causes problems with overheating buildings interiors even in moderate climate zones on earth [17, 18] . This problem may become a much serious issue at the Moon's surface, especially when limited heat exchange in hard vacuum is considered. Increased degradation rate of photovoltaic cells in space is mainly caused by high energy particles from space radiation, but also by prolonged exposure to high temperatures [19] . One may conclude, that lunar surface presents extraordinarily advantageous conditions for solar energy harvesting, as long as all the aspects of local illumination are taken under consideration.
On Earth, monthly Solar irradiation data are indispensable for civil engineers and architects to calculate thermal balance of a building and to determine its energy demand. Because earth's surface environment is far more complex than the Moon's, these data cannot be calculated, but are based on long-term measurements. In the contrary, lack of atmospheric phenomena causes, that illumination of the Moon's surface is not subjected to any stochastic variations, is periodically repetitive, and may be accurately determined as a function of time and selenographic latitude.
The purpose of this study is to provide analogical set of preliminary data for selected selenographic latitudes.
Model description
General assumptions
This paragraph describes the method we applied to calculate solar irradiance and insolations for various selenographic latitudes. As only the global preliminary data are sought, our calculations does not consider site shadowing by terrain features, nor diffuse radiation, but direct solar radiation only.
Because the moon's surface experiences about 4% annual TSI variations (see 1.2.), a mean TSI value of 1363.03 W/m 2 was assumed for the our analysis. We conducted the calculations for northern hemisphere, between 0° and 80° latitudes with 10° intervals. Higher latitudes were not studied due to high influence of local terrain topography on the illumination for low Sun altitudes. Obtained data are symmetrical with respect to the equator. The dataset covers four cardinal directions, with five tilt values each, presented in horizontal coordinate system.
Solar irradiance
Direct solar irradiance for a flat surface of specified orientation (tilt and azimuth) as a function of time may be calculated as [2] :
Equation (3): Instantaneous solar irradiance for a flat surface, where δ is an angle of incidence for solar radiation as a function of time t, that passed since local dawn.
Insolation (radiant exposure) By definition, insolation is calculated according to equation (2) . For a lunar the day, this expression may be approximated by following formula:
Equation (4): Approximated formula for determining insolation value, where 0 and t syn /2 are moments of lunar local dawn and sunset respectively Δτ is a time step
If a time step is sufficiently short, equation (4) Numerous engineering concepts of lunar bases considers hemispherical shape of the building as the most beneficial solution [16] . Due to this fact, we found it purposeful to calculate daily insolations for 10 metres in diameter reference hemisphere.
Total amount of energy of solar radiation reaching a surface of a hemisphere may be calculated as:
Equation (5): Total solar radiant energy reaching a hemispherical surface, where A hs is a surface area of a parallel projection of a hemisphere onto a plane perpendicular to direction of the incoming sunlight. In a general case, such projection of a hemisphere produces a combination of a semicircle and a semi-ellipse. The semicircle has a constant radius r hs , equal to one of a hemisphere.
A semi-major axis a of semi-ellipse is also constant, being equal to hemisphere's radius.
A=r hs
Length of the Semi-minor axis b is variable and may be expressed as:
where H sol (t) is an instantaneous solar altitude.
As an ellipse's surface area equals π·A·B, total surface area of hemisphere's parallel projection may be calculated according to equation (6) 
All three formulae (3), (4) and (5) require instantaneous positions of the Sun in horizontal coordinate system as an input data. For this purpose astronomers use adequate ephemeris tables or special computer programs. We found both of these solutions inconvenient for engineering purposes. An attempt was made to create a simple, analytical model of the Moon's rotation, that would provide an engineer necessary data with required accuracy. It was found, that properties of the Moon's orbit presents an opportunity to create such a simple, yet still sufficiently accurate model.
Analytical model of the Moon's rotation
The Earth and its natural satellite -the Moon constitute a complex, dynamical system. Hence, the determination of the accurate ephemerides for selected celestial bodies on the Moon's sky is a non-trivial problem, and complicated mathematical formulae are needed to be used. However, it is possible to build a simple model, that will allow to estimate Sun's position in the lunar sky with precision of 1-2°, what is fully acceptable for engineering purposes.
The plane of the lunar orbit is inclined to the ecliptic by about 5.15°, and the rotational axis of the Moon is inclined to its orbital axis by 6.69° [5] . In 1722 Giovanni Domenico Cassini discovered, that the rotational axis of the Moon precesses with the same rate as its orbital plane, but is shifted by 180° in phase [5] . Therefore, the angle between the ecliptic and the lunar equator remains almost constant (1.54°). For the simplicity of the model it may be assumed, that the equatorial plane of the Moon is coplanar with the ecliptic plane, i.e. the rotational axis of the Moon is perpendicular to the ecliptic plane. Moreover, it may also be assumed, that the Moon is located in the barycenter of the Earth-Moon system. The radius of lunar orbit is significantly smaller than the radius of the Earth's orbit, hence all effects caused by the trigonometric parallax of the Sun on the Moon's firmament may be neglected in this model. To summarise, proposed model of the Earth-Moon system could be reduced to the Moon located in the Earth's orbit with the rotational axis perpendicular to the ecliptic plane. The following paragraph describes how it is possible to calculate the azimuth and the altitude of the Sun on the Moon sky using the proposed model.
Let it be assumed, that the observer is located on 0° selenographic latitude and on the selenographic longitude φ>0 o (for φ<0 o the problem is symmetrical with respect to the Moon's equator). In this simplified model the rotational axis of the Moon is perpendicular to its orbital plane, hence for a given selenographic longitude the ecliptic great circle intersects the horizon at an angle 90 o -φ. At the moment t 0 the Sun is located in the maximum elevation equal to 90 o -φ (the arc PS). After the time Δt=t'-t 0 the Sun will be located in P', and will draw the arc PP'=ε. At the time t' solar altitude h is equal to the arc P'G. The elevation arc is a part of the great circle ZP'G, and can be used for the azimuth (A) estimation, which is equal to arc SG (here it is assumed that the azimuth is counted clockwise from the south direction). Also, the arc P'W is equal to 90 o -φ as a section of the arc PW. Now using the law of sines for the parallactic triangle P'GW we have: sin 90 sin (90−ε ) = sin (90−φ) sin h (7) This directly leads to the estimation of the altitude, as:
h=arcsin(cosφ cos ε) (8) From the law of sines for the parallactic triangle ZPP' it is:
sin 90 sin (90−h) = sin A sin ε (9) Using the formula (9) the azimuth A may be described as:
With formulae (8) & (10) available, it is possible to describe the Sun's position in the horizontal coordinate system for a given arc ε. For engineering purposes it is not necessary to calculate the Sun's position for the real time t, as only general description of the altitude as the function of time and the selenographic latitude is of interest.
It is also possible to perform a simple estimation of the length of the arc ε. The Moon's rotation period T K ≈27.322 Eearth's days, and lunar year in our model is identical with Earth's year P K ≈365.256 days. If Δt is given in days we can simply estimate ε using following formula:
ε=Δt (1/T K −1/ P K ) (11) as the combination of orbital and rotational motion of the Moon. Equation (11) may be also simply described as:
where T S is so called the Moon's synodic month i.e. the period of lunar phases, of mean value 29.53 days.
In order to verify accuracy of described analytical model, its results were compared with precisely calculated Sun's positions, determined by Stellarium astronomical software [22]. As seen in table 2. There are just minor differences between Calculated positions of the Sun at Moon's sky and Actual values. We consider Such accuracy as fully satisfactory for lunar engineering purposes. This simple astrometric AL model may be easily incorporated into any software, and provide reliable astrometric AL data for energy calculations at the Moon's surface.
Solar angle of incidence
Having the Sun's position on the sky in horizontal coordinate system (see: 2.2. A and H), it is possible to derive a formula to calculate solar angle of incidence for a given plane. An angle of incidence is an angle between the normal of a given plane and A direction of the incident sunlight.
The plane has the azimuth A P , i.e. the angle between the local meridian and the intersection between the plane and the Moon surface, counted clockwise from the South direction. For the model's simplicity we assume, that local Moon's surface normal is perpendicular to the Zenith direction. 2018 We can simply describe the azimuth of considered plane normal A n : p n A = A − 90 (13) Now, applying the formulae of the spherical trigonometry to the parallactic triangle between the zenith, the Sun's position and the plane's normal elevation h p (i.e. the angle between the normal and the Moon surface) we have:
E3S Web of Conferences
where δ is the angle between the normal of a given plane and the Sun's position. From the formula presented above we can calculate δ as:
Program
In order to conduct considerable amount of necessary calculations and to automate the process, a suitable program was created using MATLAB version 2012A. To obtain the highest possible accuracy of the results, we assumed time step Δτ= 0.001 days= 1.44 minutes.
Further decreasing of the time step was found useless.
Results and discussion
Assuming surface tilt with respect to horizontal plane α=H w -180°, at a specified selenographic latitude Φ, diurnal irradiances at orientation S │α-Φ│, equals diurnal equatorial irradiances at orientation S α . Φ S │α-Φ│ = 0S α As horizontal planes at any latitude may be designated as Φ S 0 , horizontal surface irradiances at latitude fi is the same as 0 S Φ .
Considering all this, it was more convenient to depict equatorial southern irradiances for a variety of plane tilts separately, instead of adding several data series for every graph. These equatorial southern irradiances are presented in figure 2. for south-oriented surfaces with tilt equal selenographic latitude, noon irradiance reaches the value of lunar TSI. This phenomenon does not occur at the Earth's surface due to sunlight atmospheric attenuation. This phenomenon is exceptionally advantageous for tracking photovoltaic systems. It is easy to calculate, that maximum theoretical insolation for dual axis tracker is 1740 MJ/m 2 per lunar day, at any latitude. This value is 157% of most optimally oriented fixed system, while on Earth, dual-axis solar tracking increases yield of a PV system between 25 and 40% [20] . As the proposed astrometric model assumes the Moon's rotational axis perpendicular to the ecliptic plane, insolation at 0S 90 equals 0, the same as ΦN α>90-Φ . In fact, this is not entirely so due to small (but non 0) Moon's axial tilt, not to mention surface diffused radiation [15] . There exists strictly geometrical dependence of both irradiance and insolation values on selenographic latitude and surface tilt. This is mostly due to lack of lunar atmosphere (always 0 atmospheric mass), but also partially due to neglecting surface diffuse radiation For non-directly illuminated surfaces, such as N90, or E90 after local noon. This diffuse radiation would highly influence temperature of indirectly illuminated surfaces, and should be included in future, more advanced studies. Thus, the most reliable comparison would be based on insolations of horizontal surfaces. comparing data from tables (3) and (4) it is to be observed, that the Moon's insolations at low latitudes are almost twice that of the Earth's. This ratio increases for higher latitudes due to raising impact of earth's atmosphere on incident sunlight for low solar elevation angles. Moreover, relatively large Earth's axial tilt causes considerable seasonal variations of monthly insolation values, that are negligible on the Moon. During a lunar day, 10 metres in diameter reference hemisphere receives a total of 111.75 GJ of solar energy at the equator. As the latitude grows, This value decreases slowly, but with increasing rate, dropping to almost 68% of the equatorial value at 80°. It is to be observed, that the rate, at which hemispherical insolation decreases is much lower than for any flat surface.
Conclusions
• The astrometric AL model presented in this paper allows for convenient determination of the Sun's position at lunar sky, as well as to calculate the angle of incidence of solar radiation, with accuracy fully satisfactory for lunar engineering purposes.
• The model was successfully applied to create irradiance and insolation database of direct solar radiation.
• Presented method enables to enhance this database for any selenographic latitude and for any surface orientation.
• The Moon is an exceptionally advantageous place for solar energy exploitation. Such a reliable and powerful energy source would be able to power future lunar habitation and industry centres.
• It is recommended to enhance this model with surface diffused radiation component.
